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Regulation of Th2 Cell Differentiation by mel-18,
a Mammalian Polycomb Group Gene
IL-4R-mediated signal transduction, including signal
transducer and activator of transcription (STAT) 6 activa-
tion, is required, while IL-12-mediated STAT4 activation
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is important for Th1 cell differentiation (Gately et al.,Toshio Kitamura,6 Masaru Taniguchi,1,3
1998; Nelms et al., 1999; Murphy et al., 2000).Haruhiko Koseki,2 and Toshinori Nakayama1,3,7
Although the roles for cytokines in Th1/Th2 cell differ-1Department of Medical Immunology and
entiation have been emphasized, TCR-mediated signal-Department of Molecular Immunology
ing is also indispensable for the Th1/Th2 cell differentia-2 Department of Molecular Embryology
tion. We recently reported that efficient TCR-mediatedGraduate School of Medicine
activation of p56lck, Ras/mitogen-activated protein ki-Chiba University
nase (MAPK) cascade, and calcineurin activation are all3 CREST Project and
crucial for the differentiation of Th2 cells (Yamashita et4 PRESTO Project
al., 1998, 1999, 2000). We observed a shift from Th2 toJapan Science and Technology Corporation
Th1 cell differentiation in dominant-negative Ras trans-5 Department of Tropical Medicine
genic (Tg) T cell differentiation cultures, suggesting thatJikei University School of Medicine
the fate of Th1/Th2 cell differentiation is controlled by6 Department of Hematopoietic Factors
the TCR-mediated activation of Ras/MAPK cascadeInstitute of Medical Science
(Yamashita et al., 1999). TCR-mediated calcineurin acti-University of Tokyo
vation dramatically improves IL-4R function in naive CD4Japan
T cells by modifying the IL-4R signaling complex, i.e.,
upregulation of Jak3 protein and STAT5 association with
IL-4R. This modification is required for the effective pro-Summary
liferation and expansion of developing Th2 cells (Yama-
shita et al., 2000). On the other hand, Flavell and col-Polycomb group (PcG) gene products regulate homeo-
leagues showed that Th1 cell differentiation and Th1box gene expression in Drosophila and vertebrates
cytokine production are dependent on c-Jun NH2-termi-and also cell cycle progression of immature lympho-
nal kinase (JNK) and p38 MAPK cascade, respectivelycytes. In a gene-disrupted mouse for polycomb group
(Dong et al., 1998; Rincon et al., 1998; Yang et al., 1998).gene mel-18, mature peripheral T cells exhibited nor-
Several transacting nuclear factors that control Th1/mal anti-TCR-induced proliferation; however, the pro-
Th2 cell differentiation have been revealed (Rincon andduction of Th2 cytokines (IL-4, IL-5, and IL-13) was
Flavell, 1997; Szabo et al., 1997; Agarwal and Rao,significantly reduced, whereas production of IFNwas
1998a). c-Maf and GATA3 are induced in developingmodestly enhanced. Th2 cell differentiation was im-
Th2 cells, and preferential expression of these factorspaired, and the defect was associated with decreased
is observed in differentiated Th2 cells (Ho et al., 1996;levels in demethylation of the IL-4 gene. Significantly,
Zhang et al., 1997; Zheng and Flavell, 1997). Analysisreduced GATA3 induction was demonstrated. In vivo
of c-Maf-deficient mice has revealed a diminished pro-antigen-induced IgG1 production and Nippostrongy-
duction of IL-4 while expression of other Th2 cytokineslus brasiliensis-induced eosinophilia were significantly
was unaffected (Kim et al., 1999). GATA3 was reportedaffected, reflecting the deficit in Th2 cell differentia-
to be crucial for Th2 cell differentiation and Th2 cytokinetion. Thus, the PcG gene products play a critical role in
production (Zheng and Flavell, 1997; Ouyang et al., 1998;the control of Th2 cell differentiation and Th2-dependent
Ranganath et al., 1998). For example, T cells with domi-
immune responses.
nant-negative GATA3 expression showed reduced Th2
cytokine production (Zhang et al., 1999), and GATA3
Introduction expression in the absence of STAT6 resulted in the pro-
duction of Th2 cytokines (Ouyang et al., 2000). Finally,
CD4 helper T cell-dependent immune responses are another factor, T-bet, was reported to initiate Th1 lin-
controlled by the balance of the generation of antigen- eage development and repress the production of Th2
specific Th1 and Th2 cells (Mosmann and Coffman, cytokines (Szabo et al., 2000).
1989; Romagnani, 1994; Seder and Paul, 1994; Reiner Recently, chromatin modification of the IL-4/IL-5/IL-
and Locksley, 1995). Th1 and Th2 cells produce a dis- 13 locus was shown to accompany Th2 cell differentia-
tinct set of cytokines; i.e., Th1 cells produce interferon tion. Antigenic stimulation and STAT6 activation were
(IFN)  and tumor necrosis factor (TNF) , whereas Th2 reported to be required for the IL-4 locus remodeling
cells produce IL-4, IL-5, and IL-13. Antigenic stimulation with demethylation (Agarwal and Rao, 1998b). Demeth-
of naive T cells initiates their differentiation toward Th1 ylation of the intron 2 region of the IL-4 locus was associ-
and Th2 cells, and the direction of differentiation de- ated with cell cycle progression and Th2 cell develop-
pends on the cytokines and their receptor-mediated sig- ment (Bird et al., 1998). More recently, Agarwal et al.
nal transduction (Abbas et al., 1996; Constant and Bot- identified a 3 distal IL-4 enhancer, which contained
tomly, 1997; O’Garra, 1998). For Th2 cell differentiation, inducible DNase I hypersensitive sites, and was bound
to GATA3 and NFAT1 (Agarwal et al., 2000). Introduction
of GATA3 into STAT6 deficient T cells restored the devel-7 Correspondence: nakayama@med.m.chiba-u.ac.jp
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opment of Th2 cells and induced Th2-specific DNase I TCR, CD3, IL-4R, and common- (C) on the splenic
hypersensitive sites in the IL-4 locus (Ouyang et al., CD4 T cells was found to be comparable to that of
2000). An important role for the conserved noncoding controls (Figure 1A, lower panels). In addition, anti-
sequences (CNS)-1 region in Th2 cytokine expression TCR- or anti-CD3-induced proliferative responses
was recently suggested (Loots et al., 2000). Neverthe- were indistinguishable between mel-18/ and mel-18/
less, the molecular basis underlying the coordinate ex- CD4 T cells (Figure 1B). The production of IL-2 showed
pression of Th2 cytokines is not fully understood, and some reduction at the higher stimulation dose but was
it would be of interest to clarify the regulation of the within a normal range at low dose stimulation (Figure
chromatin remodeling process of the IL-4/IL-5/IL-13 1C). Downstream signaling events of TCR and IL-4R in
locus. mel-18/ CD4 T cells were examined. The levels of both
The Polycomb group (PcG) gene products were re- calcium responses and MAPK (Erk-1 and Erk-2) phos-
ported to localize in the nucleus as heterogeneous phorylation induced by TCR crosslinking were essen-
multimeric protein complexes, and they appeared to tially equivalent between mel-18/ and mel-18/ CD4
maintain early determined gene expression patterns of T cells (data not shown). Moreover, the levels of IL-4-
key developmental regulators such as homeobox genes induced STAT6 phosphorylation and proliferative re-
both in invertebrates and vertebrates (reviewed in Satijn sponses of freshly prepared mel-18/ CD4 T cells were
and Otte, 1999; van Lohuizen, 1999). Mel-18, Bmi-1, equivalent (data not shown). Thus, it appears from these
M33, Pc2, Rae-28/Mph1, and Mph2 are mammalian ho- analyses that there were no obvious differences in the
mologs of Drosophila PcG gene products that are con- CD4 T cells from the mel-18/ mice.
stituents of the multimeric protein complex similar to
the Polycomb repressive complex 1 (PRC-1) identified Anti-TCR-Induced Cytokine Production Profiles
in Drosophila (Alkema et al., 1997; Gunster et al., 1997; of Splenic CD4 T Cells from mel-18/ Mice
Shao et al., 1999). Mice deficient in individual compo- Freshly prepared CD4 T cells from mel-18/ mice were
nents of the PRC-1-like complex display anterior shifts stimulated in vitro with immobilized anti-TCR mAb for
in the expression boundaries of Hox cluster genes in different times, and the production of cytokines (IL-4,
the paraxial mesoderm and neural tube (van der Lugt IFN, IL-5, and IL-13) in the culture supernatant was
et al., 1994; Akasaka et al., 1996; Core et al., 1997; determined by ELISA (Figure 2A). Somewhat surpris-
Takihara et al., 1997; Katoh-Fukui et al., 1998). Impor- ingly, the production of IL-4 was found to be diminished
tantly, these mutants invariably display severe com- at all time points tested. The IFN production, on the
bined immunodeficiency due to increased apoptosis other hand, was not impaired, and in fact there was a
and the lack of proliferative responses of immature modest increase. Two other Th2 cytokines, IL-5 and
lymphoid cells (van der Lugt et al., 1994; Akasaka et al., IL-13, which were detectable about 2 days after the
1997; Core et al., 1997; Takihara et al., 1997; Jacobs et stimulation in control cultures, were poorly produced by
al., 1999; Lessard et al., 1999). In addition, the demon- the mel-18/ CD4 T cells. Similar cytokine production
strated differential expression of distinct types of human profiles were obtained by the cultures with anti-CD3
PcG genes in specific areas of germinal centers raises stimulation (data not shown). The impaired production
the suggestion of a role in germinal center B cell differen- of IL-4, IL-5, and IL-13 was not rescued in cultures con-
tiation (Raaphorst et al., 2000). The role of the PcG genes taining exogenous IL-2 (30 U/ml), suggesting that the
in the regulation of lymphocyte differentiation, particu- impairment is not simply due to a possible decrease in
larly in the regulation of Th cell differentiation that ac-
the production of IL-2 from mel-18/ CD4 T cells shown
companies chromatin remodeling, remains to be eluci-
in Figure 1C (data not shown). The cytokine production
dated.
profiles of heterozygous mel-18/ mice were essentiallyHere, we investigate the role of PcG genes in Th1/Th2
the same as those of wild-type control (data not shown).cell differentiation by using mel-18/ mice. Our results
Concurrently, we assessed whether the decrease insuggest a crucial role for mel-18 gene product in Th2
IL-4 production could be regained in the mel-18 Tgcell differentiation involving the regulation of GATA3 ex-
mel-18/ mice. Here, we used a mel-18 Tg mouse linepression.
expressing mel-18 Tg constitutively (line #26) (Tetsu et
al., 1998). As shown in Figure 2B, the decrease in theResults
production of IL-4 was restored significantly by the ex-
pression of mel-18 transgene. Also, the presence of thePhenotypic and Functional Characterization
mel-18 transgene appeared to normalize the productionof T Cells in mel-18/ Mice
of IFN to wild-type levels. The levels of mel-18 tran-mel-18/ mice generated with mixed B6129 back-
scripts in the mel-18 Tg mel-18/ CD4 T cells with orground were previously shown to have a defect in T cell
without anti-TCR stimulation were equivalent to thosegeneration due to the impairment in the IL-7-dependent
in heterozygous mel-18/ and wild-type mel-18/ CD4expansion of immature thymocytes (Akasaka et al.,
T cells (data not shown).1996). However, after additional backcrossing to the
C57Bl/6 or BALB/c background (more than five times),
Decreased Th2 Cytokine mRNA Expression in the Inthe CD4/CD8 phenotypic alterations of thymocytes pre-
Vitro Differentiated mel-18/ T Cellsviously reported were not observed, but the number
under Th2-Skewed Conditionsof thymocytes was still reduced to about 5%–10% as
The decreased Th2 cytokine production in the mel-18/compared to controls. Also, the number of splenocytes
CD4 T cells prompted us to examine the levels of tran-was lower, about 30%–50%, but moderate numbers of
scription of Th2 cytokines after Th2 cell differentiation.CD4 and CD8 T cells were present in the mel-18/ mice
(Figure 1A, upper panels). Cell surface expression of Naive (CD44low) CD4 T cells from mel-18/ mice were
Th2 Cell Differentiation Controlled by mel-18
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Figure 1. Phenotypic and Functional Characterization of mel-18/ T Cells
(A) Representative CD4/CD8 profiles of thymocytes and splenocytes of mel-18/ mice with (C57BL/6BALB/c) F1 background (eight times
backcrossed) are shown (upper panels). The numbers of thymocytes in 8-week-old (C57Bl/6BALB/c) F1 mice were 162 (	52.6)  106 in
wild-type versus 5.0 (	3.1)  106 in mel-18/ mice (n 
 8), and those of splenocytes were 108 (	28)  106 versus 38.6 (	16.7)  106 (n 

8). Percentages of cells present in each area are also shown. In lower panels, each histogram depicts the expression of the indicated marker
antigens on electronically gated splenic CD4 T cells from mel-18/ (dotted line) and mel-18/ (solid line) mice. Background staining is
shown as hatched areas.
(B and C) Splenic CD4 T cells from mel-18/ (open bar) and mel-18/ (closed bar) mice were stimulated with immobilized anti-TCR mAb
or anti-CD3 mAb or PMA (50 ng/ml) plus ionomycin (500 nM). The results (mean and standard deviation) of [3H]-thymidine incorporation (B)
and IL-2 production (C) are shown.
purified by cell sorting and stimulated in vitro with immo- CD4 T cells were purified by panning and stimulated
with anti-TCR mAb in the presence of graded dosesbilized anti-TCR mAb in the presence of IL-4 (Th2-
skewed conditions) or IL-12 and anti-IL-4 mAb (Th1- of exogenous IL-4. Exogenous IL-2 (30 U/ml) was also
added to the differentiation cultures. As shown in Figureskewed conditions). After 5 day differentiation cultures,
the cells were restimulated with anti-TCR mAb for 6 3A, IL-4-producing Th2 cells were generated in an exog-
enous IL-4 dose-dependent manner in the mel-18/hr. Then, total RNA was prepared and subjected to a
cytokine RNase protection assay (Figure 2C). As ex- wild-type T cell cultures. In contrast, the generation of
pected, the levels in transcripts of Th2 cytokines (IL-4, Th2 cells in mel-18/ mice was severely impaired at
IL-5, and IL-13) were significantly decreased in the mel- all doses of exogenous IL-4. On the other hand, the
18/ T cells cultured under Th2-skewed conditions, and generation of Th1 cells in this Th2-skewed condition
IFN transcripts were increased slightly under Th1- was not significantly affected. In some experiments, the
skewed conditions. generation of Th1 cells was significantly enhanced (data
not shown). The absolute numbers of cells harvested
in these cultures were similar (data not shown). TheseImpaired Th2 Cell Differentiation in mel-18/
results suggest that the ability to differentiate into Th2Naive CD4 T Cells
cells was significantly compromised in mel-18/ naiveTo further assess the efficiency of Th2 cell differentiation
CD4 T cells. We obtained a similar but milder blockingin the naive mel-18/ T cells, we used the in vitro Th1/
effect when anti-IFN mAb was added to the anti-TCRTh2 cell differentiation culture system and monitored
mAb-induced Th1/Th2 cell differentiation cultures (datathe response by intracellular cytokine staining (Hosken
et al., 1995; Yamashita et al., 1999). First, mel-18/ naive not shown), suggesting that the increased IFN produc-
Immunity
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Figure 2. Decreased Th2 Cytokine Expression in CD4 T Cells from mel-18/ Mice
(A) Splenic CD4 T cells were stimulated with immobilized anti-TCR for the indicated times, and the concentrations of cytokines (IL-4, IFN,
IL-5, and IL-13) in the culture supernatant were determined by ELISA. Mean values and standard deviations are shown. In several cases, the
deviations are too small to be visible. Seven independent experiments were performed, and similar results were obtained.
(B) Splenic CD4 T cells were purified from mel-18/  mel-18 Tg mice and stimulated with immobilized anti-TCR mAb for the indicated
times. The mean cytokine concentration is shown with standard deviations. Four independent experiments were done with similar results.
(C) Naive (CD44low) mel-18/ CD4 T cells were purified by cell sorting and stimulated in vitro with immobilized anti-TCR in the presence of
IL-4 (10 U/ml, Th2-skewed conditions) or IL-12 (10 U/ml) and anti-IL-4 mAb (Th1-skewed conditions). After 5 day differentiation cultures, the
cells were restimulated with anti-TCR mAb for 6 hr. Then, total RNA was prepared and subjected to a cytokine RNase protection assay. The
intensity of bands of each cytokine was measured by a densitometer and normalized using signals of two housekeeping genes (L32 and
GAPDH). The calculated values are shown as relative intensity in the right panels. Four independent experiments were done with similar
results.
tion of mel-18/ T cells (Figure 2A) may enhance the naive CD4 T cells were stimulated with anti-TCR mAb
in the presence of various doses of exogenous IL-12effect on Th2 cell differentiation.
Next, the mel-18/ mice were crossed with OVA-spe- and anti-IL-4 mAb. As can be seen in Figure 3C, IL-12-
dependent generation of Th1 cells was not decreasedcific TCR Tg (DO.11.10 Tg) mice to investigate the
effect of antigen-specific stimulation. Naive (CD44low) but rather increased to an extent. The absolute numbers
of cells harvested in these cultures were similar (dataCD4 T cells purified by cell sorting were stimulated with
antigenic peptide (10 M) and irradiated APCs from nor- not shown). Furthermore, when Th2 cell differentiation
in another PcG gene-deficient m33/mouse was exam-mal BALB/c mice in the presence of graded doses of
exogenous IL-4 (Figure 3B). To minimize the effect of ined, a similar impairment in the Th2 cell differentiation
was observed (data not shown). Thus, the PcG geneendogenously produced IFN, which is known to inhibit
Th2 cell proliferation (Gajewski et al., 1989) (data not products appear to regulate Th2 cell differentiation pref-
erentially.shown), anti-IFN mAb was added to the culture. As
expected, the peptide-induced Th2 cell differentiation
was significantly impaired in mel-18/ cultures. Since Impaired Th2 Cell Differentiation of mel-18/ Naive
CD4 T Cells Is Not Due to Differences in Cell DivisionAPCs from normal mice were used, the observed impair-
ment in Th2 cell differentiation is not likely due to a Since cell division is reported to be required for the
generation of IL-4-producing Th2 cells (Bird et al., 1998),defect in the function of APCs.
In order to assess the effect on Th1 cell differentiation, we examined the anti-TCR-induced cell division of mel-
Th2 Cell Differentiation Controlled by mel-18
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Figure 3. In Vitro Th1/Th2 Cell Differentiation
of Naive CD4 T Cells from mel-18/ Mice
(A) Naive CD4 T cells were stimulated with
immobilized anti-TCR mAb, exogenous IL-2
(30 U/ml), and concentrations of IL-4 as indi-
cated for 5 days. Intracellular staining profiles
of IFN and IL-4 are shown with percentages
of cells in each area. The results are represen-
tative of eight independent experiments.
(B) Naive (CD44low) CD4 T cells purified by
cell sorting were stimulated with specific OVA
peptide (10 M) and irradiated BALB/c APCs
in the presence of IL-2, indicated doses of
IL-4, and anti-IFN mAb.
(C) Naive CD4 T cells were stimulated with
immobilized anti-TCR mAb in the presence
of indicated doses of IL-12 and anti-IL-4 mAb.
18/ CD4 T cells in the Th2 cell differentiation cultures. These results suggest that mel-18/ CD4 T cells show
a normal time course of cell division after stimulationCFSE-labeled naive CD4 T cells were stimulated with
anti-TCR mAb in the presence of IL-2 and IL-4 (Th2- with anti-TCR in the presence of IL-4 and IL-2. Cell
division of mel-18/ CD4 T cells in Th1-skewed condi-skewed conditions), and 24, 48, and 72 hr later, the
intracellular IL-4 production was assessed (Figure 4). tions was also within a normal range (data not shown).
These results suggest that the impaired Th2 cell genera-Twenty-four hours after the stimulation, most cells had
not undergone cell division (cell division #0), and IL-4 tion is not due to a difference in cell division of devel-
oping Th2 cells.producing Th2 cells were not detected. At 48 hr, cells
had undergone division up to three times, and there
was no significant difference in the time course of cell Decreased Demethylation of the IL-4 Gene Locus
in the mel-18/ CD4 T Cells Cultureddivision between mel-18/ and mel-18/ CD4 T cells.
However, the percentages of IL-4-producing T cells gen- under Th2-Skewed Conditions
Th2 cell differentiation is accompanied by demethyl-erated were significantly lower in the mel-18/ CD4 T
cells. After a 72 hr culture, the cell division had pro- ation of the IL-4 locus intron 2 (Bird et al., 1998). Con-
sequently, we examined the methylation status of theceeded four to five times, and no significant difference
in mel-18/ CD4 T cells as compared to control was IL-4 locus in the mel-18/ CD4 T cells cultured under
Th2-skewed conditions for 5 days. Several bands thatnoted. Again, the percentages of IL-4-producing T cells
were considerably lower at all points of cell division. hybridized with the intron 2 probe were detected in the
Immunity
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Figure 4. Cell Division among IL-4-Producing T Cells Generated in the mel-18/ CD4 T Cell Cultures
Naive CD4 T cells were labeled with CFSE and stimulated with immobilized anti-TCR mAb in the presence of IL-4. After culturing for the
indicated times, cells were restimulated and subjected to the intracellular staining with APC-conjugated anti-IL-4 mAb. Percentages of the
cells in the gates representing numbers of cell division (#0 to #5) and percentages of IL-4-producing Th2 cells in each gate are shown in
the right panels. Three independent experiments were done with similar results.
methyl-insensitive enzyme, MspI-digested DNA from ei- control mel-18/ cultures; however, the increase was
less in the mel-18/ T cells.ther mel-18/ or mel-18/ CD4 T cells (Figure 5, left
panels). No significant difference was observed be- Next, we measured the levels in GATA3 transcription
at earlier time points (8 hr and 24 hr) by a Northerntween the two samples. Using the methyl-sensitive HpaII
digestion, a low level of demethylation was detected in blot analysis (Figure 6B). Significant GATA3 mRNA was
detected at the 24 hr time point, and the levels werethe mel-18/ CD4 T cells after culture with anti-IL-4
(Figure 5, right panel, the very left lane). The intensities significantly lower (GATA3/-actin ratio; 1.9 versus 0.8).
The levels of transcription of c-maf and bcl-6 were alsoof hybridized bands, particularly those in the high molec-
ular weight region (1.77 kb and1.3 kb) were increased examined, and no difference between mel-18/ and
mel-18/ T cell cultures was detected (data not shown).in the samples from cells receiving the anti-TCR stimula-
tion with IL-4 in a dose-dependent manner. In contrast, Forty-eight and 120 hr after anti-TCR stimulation, we
detected about a 3-fold increase in the levels of mel-18however, the increase in the intensities of the hybridized
bands representing IL-4-dependent demethylation was mRNA, and the levels were similar in either Th1- or Th2-
skewed culture conditions (data not shown).not detected in the mel-18/ CD4 T cells (Figure 5, right
panel). Hybridization of undigested bands as seen in the At the protein level, results of the expression of GATA3
and STAT6 indicate significant decreases in the amounttop portion of the gel (6 kb–15 kb) in mel-18/ T cells
cultures should be noted. Thus, demethylation of the of GATA3 protein in the mel-18/ T cells at either the
48 or 120 hr time point, whereas the decrease in theIL-4 locus appears to be greatly reduced in the absence
of the mel-18 gene product. levels of STAT6 protein was not detected (Figure 6C).
The expression levels of both nuclear and cytoplasmic
c-Maf were comparable between mel-18/ and mel-Decreased GATA3 Induction in the Anti-TCR-
18/ T cell cultures (data not shown). These resultsActivated mel-18/ CD4 T Cells
suggest that GATA3 induction is significantly impairedSince the levels in GATA3 expression are reported to
in the absence of mel-18 gene product.be critical for Th2 cell differentiation (Zheng and Flavell,
1997), we assessed both mRNA and protein expression
levels of GATA3 in the cultured mel-18/ T cells under Introduction of GATA3 Rescued the Impaired Th2
Cell Differentiation in the mel-18/ CD4 T CellsTh2-skewed conditions. Naive CD4 T cells from mel-
18/ mice were stimulated with anti-TCR mAb and We introduced the GATA3 gene to the mel-18/ naive
CD4 T cells using a retrovirus gene transfer system toIL-4, and after 48 and 120 hr, mRNA levels of GATA3
and -actin were assessed (Figure 6A). The levels of test whether the impaired Th2 cell differentiation could
be rescued. mel-18/ naive CD4 T cells were stimulatedGATA3 mRNA were increased after stimulation in the
Th2 Cell Differentiation Controlled by mel-18
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Figure 5. Methylation Status of the IL-4 Gene Locus Intron 2 in the Cultured mel-18/ CD4 T Cells under Th2-Skewed Conditions
Naive CD4 T cells were stimulated with anti-TCR mAb in the presence of IL-2 (30 U/ml) and IL-4 (1, 10, and 100 U/ml). After culturing for 5
days, genomic DNA was digested with a methyl-insensitive (MspI) or a methyl-sensitive (HpaII) restriction enzyme. Ten micrograms of digested
DNA was applied in each lane. Arrowheads and arrows indicate the positions of hybridized DNA fragments digested by MspI and HpaII,
respectively. The expected size of each band is indicated in the parenthesis. The results are representative of three independent experiments.
with anti-TCRmAb and IL-4 for 2 days. Then, a control and 8.7% to 1.3%) T cell cultures (Figure 6D). In addition,
it was noted that the cells susceptible to the retrovirus(pMX-IRES-GFP) or a GATA3-containing retrovirus vec-
tor (pMX-GATA3-IRES-GFP) was added to the culture. infection (GFP group) favor differentiation into Th2
cells. This might be due to the requirement for cell divi-Representative IFN/IL-4 profiles of total, GFP, and
GFP cells are shown (Figure 6D). In the absence of the sion for the retrovirus infection. Nonetheless, taken as
a whole, these results suggest at least that the impairedaddition of exogenous IL-4, 26.2% of Th2 cells were
generated in the control vector-infected mel-18/ cul- Th2 cell differentiation in mel-18/ T cells can be res-
cued by the introduction of GATA3.tures, and 17.0% were generated in mel-18/ cultures.
In the pMX-GATA3-IRES-GFP-infected mel-18/ T cell
cultures, the percentage of Th2 cells was 29.0%, and, Effect of Deficiency of mel-18 Gene Products
on Th2-Dependent Immune Responses In Vivoin the mel-18/ cultures, it was 28.2%. These results
suggest that the impaired Th2 cell differentiation in mel- Finally, we investigated whether the Th2-dependent im-
mune responses were appropriately induced in mel-18/ cultures is rescued significantly. In the presence
of 10 U/ml of exogenous IL-4, the percentage of Th2 18/ mice. mel-18/ mice with (C57BL/6BALB/c) F1
background were immunized and challenged with OVAcells generated in the control pMX-IRES-GFP-infected
mel-18/ T cells was 37.7%, and, in the pMX-GATA3- in Alum. OVA-primed splenic T cells were prepared, and
the ability to produce antigen-specific Igs and cytokinesIRES-GFP-infected mel-18/ T cells, it was 35.6%.
These results suggest that Th2 cells were generated was examined after in vitro antigen stimulation. As
shown in Figure 7A, Th2-dependent IgG1 productionto a maximum level even without GATA3 introduction.
Under the same conditions, the percentage of Th2 cells was significantly reduced in the mel-18/ cultures, while
Th1-dependent IgG2a production was not significantlygenerated in the mel-18/ T cell cultures with control
infection was 29.0%, and the generation of Th2 cells affected. Similarly, the production of IL-4 was dimin-
ished, but that of IFN was not decreased significantlywas increased to 36.9% by the introduction of GATA3,
a level comparable to that of mel-18/ T cells. The (Figure 7B).
As another test of in vivo Th2 cell-dependent function,percentage of IFN producing cells in the mel-18/ T
cell cultures with control infection was higher than that mel-18/ mice were infected subcutaneously with Nip-
postrongylus brasiliensis (Nb), and, 3 weeks later, thein mel-18/ T cell cultures (27.3% versus 12.4% and
19.5% versus 8.7%). In addition, GATA3-induced sup- numbers of eosinophils in the peripheral blood were
examined (Figure 7C). As might be predicted, the in-pression of Th1 cell generation (Ouyang et al., 1998; Lee
et al., 2000) was observed in either mel-18/ (27.3% to crease in the number of peripheral blood eosinophils
was not significant in mel-18/ mice. These results indi-15.2% and 19.5% to 4.6%) or mel-18/ (12.4% to 4.4%
Immunity
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Figure 6. Decreased GATA3 Induction in the mel-18/ Naive T Cells and the Rescue of Th2 Cell Differentiation by Introducing GATA3 Gene
(A) Naive CD4 T cells were cultured with anti-TCR mAb in the presence of IL-2 and IL-4 (10 U/ml) (Th2-skewed conditions) for 48 and 120
hr. After harvesting the cultured cells, total RNA was extracted. mRNA levels of GATA3 and -actin were determined by a semiquantitative
RT-PCR analysis with 3-fold serial dilution of template cDNA. Four independent experiments were done with similar results. GATA3/-actin
ratios are indicated.
(B) Total RNA from the stimulated CD4 T cells as described in (A) above for 8 and 24 hr were subjected to Northern blot analysis. Arbitrary
densitometric units and GATA3/-actin ratios are also shown under each band.
(C) The amount of GATA3 and STAT6 protein in freshly prepared and stimulated CD4 T cells as described above in (A) was determined by
immunoblotting with specific mAbs. For the detection of GATA3, total nuclear extract was used, and for STAT6 detection, immunoprecipitation
and immunoblotting were performed. A representative result of three independent experiments is shown. The arbitrary densitometric units
are depicted under each band.
(D) Naive CD4 T cells were cultured under two different culture conditions for 5 days. On day 2, pMX-IRES-GFP and pMX-GATA3-IRES-GFP
retrovirus vectors were added to the culture. On day 5, the cultured cells were harvested and restimulated with anti-TCR mAb in the presence
of monensin for 6 hr. Representative IFN/IL-4 profiles of total, GFP and GFP cells are shown. The numbers represent the percentages of
cells in each quadrant. Five independent experiments were done with similar results.
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Figure 7. Th2-Dependent Immune Respon-
ses in mel-18/ Mice
(A and B) mel-18/ mice with (C57BL/6
BALB/c) F1 background (three mice per
group) were immunized and challenged with
OVA in Alum. Whole spleen cells were stimu-
lated in vitro with OVA, and the ability to pro-
duce antigen-specific Igs and cytokines was
examined by ELISA. Mean concentrations of
OVA-specific IgM, IgG1, and IgG2a antibod-
ies (A) and that of IL-4 and IFN (B) are shown
with standard deviations.
(C) mel-18/ mice with (C57BL/6BALB/c)
F1 background were infected with Nb. The
numbers of peripheral blood eosinophils be-
fore and after Nb-infection are shown with
standard deviations. Three mice were used
in each group and two independent experi-
ments showed similar results.
cate that impaired Th2 responses can be readily demon- of c-Maf protein was normal in the activated mel-18/ T
cells (unpublished data). The expression levels of STAT6strated in mel-18/ mice.
protein in the naive and activated mel-18/ T cells were
essentially normal (Figure 6C). Therefore, c-Maf andDiscussion
STAT6 appeared not to be the major target molecules
of the PcG gene product control of Th2 cell differentia-In this report, we demonstrate a crucial role for PcG
tion. Bcl-6 is known to act as a repressor in Th2 cellgene products in Th2 cell differentiation. The mel-18
differentiation (Dent et al., 1997, 1998; Ye et al., 1997),gene product appears to regulate Th2 cell differentiation
and there was no difference in the mRNA expressionby controlling the induction of GATA3 expression in the
between mel-18/ and mel-18/ T cells. GATA3 isdeveloping Th2 cells. Demethylation of the IL-4 gene
thought to play a major role in Th2 cell differentiation,locus was inhibited in the absence of the mel-18 gene
as evidenced by the fact that the ectopic expression ofproduct. In vivo-induced Th2-dependent immune re-
GATA3 in developing Th1 cells induced Th2 cytokinesponses are decreased in mel-18/ mice, consistent
production while Th1 cytokine production was inhibitedwith an impairment caused by the targeted loss of the
(Ouyang et al., 1998; Lee et al., 2000). The results shownPcG gene product.
in this report demonstrate that the GATA3 expressionIn mel-18-deficient CD4 T cells, a coordinate effect
was significantly reduced in mel-18/ CD4 T cells aton the production of Th2 cytokines (IL-4, IL-5, and IL-
both transcription and protein levels (Figures 6A, 6B,13) was observed (Figure 2). The defect in Th2 cell differ-
and 6C). In addition, the introduction of GATA3 to theentiation was not restored by the addition of excess
mel-18/ T cells using retroviral gene transfer systemamounts of exogenous IL-4 (Figure 3A) or anti-IFN (Fig-
appeared to rescue Th2 cell differentiation (Figure 6D).ure 3B). Also, exogenous IL-2 (30 U/ml) was added to
From these results, we concluded that the impaired Th2most of the cultures (Figures 2C, 3, 4, 5, and 6). Thus, the
cell differentiation in mel-18/ mice is at least in part dueimpairment was not simply a secondary consequence of
to the decreased GATA3 induction under Th2-skewedthe unbalanced production of IL-2, IL-4, or IFN. Impor-
culture conditions.tantly, a significant blockade in the Th2 cell differentia-
Another important observation in this study is that thetion was also observed in mice harboring a defect in
impaired Th2 cell differentiation in the mel-18/ T cellsm33 locus (Katoh-Fukui et al., 1998; our unpublished
was accompanied by a severe blocking in demethylationdata). Mel-18 and M33 are thought to be involved in the
of intron 2 region of the IL-4 gene (Figure 5). The demeth-PRC-1-like protein complex (Satijn and Otte, 1999; van
ylation of the intron 2 region of IL-4 is observed only inLohuizen, 1999). Thus, it is most likely that PRC-1-like
Th2 clones and differentiated Th2 cells (Bird et al., 1998).complex controls a specific aspect of the genetic pro-
The status of accessibility to the IL-4/IL-5/IL-13 genegram for Th2 cell differentiation.
locus determined by DNase I hypersensitivity analysisVarious transcription factors that are responsible for
is associated with the acquisition of Th2 phenotypesTh2 cell differentiation and Th2 cytokine production
(Agarwal and Rao, 1998b; Takemoto et al., 1998). Gener-have been reported (Szabo et al., 1997; Agarwal and
ally, the genes with an inactive state are often foundRao, 1998a; Murphy et al., 2000). We examined the ex-
pression of c-Maf, STAT6, GATA3, and Bcl-6. Induction in the region of condensed chromatin with unmodified
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histones and are highly methylated, whereas the tran- however, little is known about the regulation of GATA3
scriptionally competent gene loci are found to be associ- transcription, particularly in the mouse system. It has
ated with acetylated histone and DNA demethylation been reported that there is a consensus binding se-
(Kass et al., 1997; Kadonaga, 1998). Thus, one might quence of YY1, one of the polycomb group genes, in
imagine that the ability to produce high levels of IL-4, the promoter region of GATA3 in the human system
IL-5, and IL-13 in Th2 cells is associated with the chro- (Gregoire and Romeo, 1999). Although it is not clear
matin remodeling of these cytokine genes and that this whether mel-18 and YY1 constitute the same complex
process could be affected in the mel-18/ T cells. As in the developing Th2 cells, further analyses of the struc-
DNase I hypersensitive sites were induced by the ex- ture of promoter region of GATA3 may provide greater
pression of GATA3 in Th1 cells (Lee et al., 2000), and insights into the interaction of PcG and GATA pathways.
there were GATA binding sites in the defined DNase I Further analyses are also required to address the molec-
hypersensitive sites (Agarwal and Rao, 1998b; Take- ular basis for the Mel-18 control of GATA3 transcription.
moto et al., 1998), chromatin remodeling appears to be IL-7-dependent expansion of immature thymocytes is
also controlled by GATA3. Indeed, various GATA binding clearly affected by the deficiency of PcG products such
sites were found around the IL-4 and IL-13 gene locus as mel-18 (Figure 1A) (Akasaka et al., 1997) and bmi-1
(Ranganath et al., 1998) and on the IL-5 promoter (Lee (van der Lugt et al., 1994). However, CD4/CD8 profiles
et al., 1998; Zhang et al., 1998). In fact, GATA-1-induced of thymocytes are indistinguishable between wild-type
chromatin remodeling of -globin locus is well docu- and mel-18-deficient mice (Figure 1A), suggesting that
mented (Stamatoyannopoulos et al., 1995). Importantly, mel-18 gene product is dispensable for the process
the levels of reduction in the amount of GATA3 protein of CD4/CD8 lineage commitment. Although TCR/CD3-
were not complete (Figure 6C), whereas the blockade induced proliferative responses in the mature T cells are
in demethylation of the intron 2 region of the IL-4 gene not affected significantly (Figure 1B), there has been a
was quite extensive (Figure 5). Thus, it is still possible report of the involvement of mel-18 in the BCR-mediated
that PcG gene products also contribute to the chromatin B cell proliferation (Tetsu et al., 1998). Thus, while the
remodeling process of the IL-4/IL-13/IL-5 gene locus; precise physiological function of the PcG gene products
however, further analyses are required to address this in the immune system has not been fully elucidated,
issue. the PcG gene products are clearly involved in certain
Here, mel-18 deficiency resulted in a decrease in the processes in the development of the immune system.
transcriptional upregulation of GATA3 during Th2 cell
Experimental Proceduresdifferentiation although the PcG gene products are well
known to act as transcriptional repressors in vivo and
Micein vitro (Pirrotta, 1998; Satijn and Otte, 1999). This implies
mel-18 deficient (mel-18/) mice were described previously (Aka-that PcG products may regulate GATA3 transcription by
saka et al., 1996), and animals used in this study were backcrossed
a completely different mode of action from that used to both C57BL/6 and BALB/c more than eight times. We mated mel-
in homeobox gene repression. We, however, recently 18/ C57BL/6 and mel-18/ BALB/c mice, and used 6- to 8-week-
reported downregulation of Hoxb6 and Evx1 expres- old mel-18/ mice with (C57BL/6BALB/c) F1 background in this
report. OVA-specific TCR (DO.11.10) Tg mice (Murphy et al., 1990)sions in mel-18/bmi-1 doubly deficient mice (Akasaka
were provided by Dennis Loh (Nippon Roche Research Center, Ka-et al., 2001). This observation suggested that Trithorax
nagawa, Japan). mel-18 Tg mice were described elsewhere (Tetsuand PcG complexes act in close proximity and perhaps
et al., 1998). All mice used in this study were maintained undershould be envisaged as one imprinting machinery (La-
specific pathogen-free conditions.
Jeunesse and Shearn, 1996; Hanson et al., 1999; van
Lohuizen, 1999). To examine this scenario, it will be Immunofluorescent Staining and Flow Cytometry Analysis
important to investigate the involvement of mammalian In general, one million cells were incubated on ice for 30 min with
the appropriate staining reagents according to a standard methodTrithorax-G proteins in the regulation of GATA3 tran-
(Nakayama et al., 1990). The reagents used in this study were asscription and also Th2 cell differentiation. Indeed, Bcl-6
follows: anti-CD4-PE (RM4-1-PE), anti-CD4-FITC (RM4-1-FITC),which is structurally related to Drosophila GAGA factor
anti-CD44-PE, anti-IL-4R Ab, and anti-Common- Ab were pur-is critically involved in the Th2 cell responses in mice chased from PharMingen (La Jolla, CA). Anti-rat immunoglobulin
(Dent et al., 1997, 1998; Ye et al., 1997; Huynh and (Ig)-FITC was purchased from CAPPEL (Durham, NC). Anti-TCR-
Bardwell, 1998). Since the PcG gene product is thought FITC (H57-FITC), anti-CD3-FITC (2C11-FITC), and anti-CD8-Cy5
to be involved in the regulation of cellular memory (Satijn were prepared in our laboratory. Flow cytometry analysis was per-
formed on FACScaliber (Becton Dickinson), and results were ana-and Otte, 1999; van Lohuizen, 1999), the mel-18 gene
lyzed with CELLQUEST software (Becton Dickinson). Intracellularproduct may be involved in the maintenance of an epige-
staining of IL-4 and IFN was performed as described (Yamashitanetic state in T cells, such as the maintenance of Th2
et al., 1999). FITC- or APC-conjugated anti-IFN antibody (XMG1.2;
cytokine expression through cell division. Further analy- PharMingen) and PE- or APC-conjugated anti-IL-4 Ab (11B11; Phar-
ses are required to address this issue. However, the Mingen) were used for detection.
results demonstrated in this report suggest that the mel-
18 product is involved at least in the induction phase Cell Purification
Splenic CD4 T cells were prepared by first incubating spleen cellsof Th2 cell differentiation.
with anti-CD8 mAb (53-6.72) and subsequent panning with plasticIn humans, GATA3 transcription was reported to be
dishes coated with goat anti-mouse Igs (CAPPEL, Cat#55455). Naiveregulated by an activator localized in the first intron and
CD4 T cells were prepared by panning as follows: spleen cells were
a silencer between 8.3 and 5.9 kb 5 from the GATA3- incubated with anti-CD8 mAb (53-6.72) and anti-CD44 mAb (KM201),
transcriptional initiation site (Gregoire and Romeo, and then the treated cells were incubated with plastic dishes coated
1999). GATA3-induced GATA3 autoregulation in mouse with goat anti-mouse Igs (CAPPEL, Cat. #55455). The nonadherent
cells were used as a CD44low naive T cell population. ContaminationT cells has been reported recently (Ouyang et al., 2000);
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of CD44high cells and CD8 T cells was less than 3% (Yamashita et precipitation and immunoblotting with anti-STAT6 Ab (R&D Sys-
tems) was performed as described (Yamashita et al., 1999).al., 1999). Where indicated, CD4 T cells with naive phenotype
(CD44low) were isolated from spleens on a FACSVantage cell sorter
(Becton Dickinson) yielding purity of98% as described (Yamashita Retroviral Vectors and Infection
et al., 1999). pMX-GATA3-IRES-GFP was constructed by inserting a 1.3 kb hu-
man GATA-3 gene into the multi-cloning site of pMX-IRES-GFP
(Nosaka et al., 1999). Platinum-E (Plat-E) packaging cells (Morita etProliferation Assay
al., 2000) were transfected with 1 g of DNA mixed with 6 l FugeneNaive splenic CD4 T cells (2 105) prepared by panning were stimu-
(Boehringer Mannheim). pMX-IRES-GFP and Plat-E packaging celllated in 200 l cultures for 40 hr with immobilized anti-TCR mAb
line were established by Dr. T. Kitamura, Institute of Medical Sci-(H57-597), anti-CD3 mAb (2C11), PMA (50 ng/ml), and ionomycin
ence, University of Tokyo, Tokyo. Virus supernatant was concen-(500 nM) or IL-4 (100 U/ml). [3H]-thymidine (37 kBq/well) was added
trated by centrifugation (8,000 g, 16 hr), and added to the Th2 cellto the stimulation culture for the last 16 hr, and the incorporated radio-
differentiation cultures on day 2. After culturing for 3 more days,activity was measured by using a -plate (Yamashita et al., 1999).
the cells were harvested, restimulated, and subjected to intracellular
staining with anti-IL-4 and anti-IFN mAb.ELISA for the Measurement of Cytokine Concentration
The productions of IL-2, IL-4, IL-5, and IFN were measured by
OVA Immunization and Nippostrongylus brasiliensis InfectionELISA as described (Yamashita et al., 1998). The production of IL-13
mel-18-deficient mice were immunized with 1 g of OVA in Alum,was measured by mouse IL-13 ELISA kit (R&D Systems) according to
and 3 weeks later they were challenged with 4 g of OVA in Alumthe manufacturer’s protocol.
as described (Yamashita et al., 1998). Another 3 weeks later, whole
spleen cells (2  105/well) were prepared from the immunized miceIn Vitro Th1/Th2 Cell Differentiation Cultures
and cultured in vitro with OVA (1–100 g/ml) for 3 days. For theNaive splenic CD4 T cells were stimulated with immobilized anti-
measurement of antigen-specific Igs, cultures were done with 10TCR mAb (H57-597; 3 g/ml) in the presence of IL-2 (30 U/ml), and
g/ml of OVA for 7 days. The concentrations of OVA-specific IgsIL-4 (1–100 U/ml) as described previously (Yamashita et al., 2000).
(IgM, IgG, and IgG2a) in the culture supernatant were determinedWhere indicated, anti-IFNmAb (10g/ml) was added to the culture.
by ELISA as described (Yamashita et al., 1998). For NippostrongylusSorted DO.11.10 Tg CD44lowCD4 T cells (1.5  104) were stimulated
brasiliensis (Nb) infection, mice were subcutaneously infected withwith antigenic OVA peptide (OVA; 323-339, 10 M) and irradiated
750 third-stage larvae of Nb (Cui et al., 1999). Three weeks later,(3000rad) BALB/c APCs (1  105) in the presence of exogenous IL-4
the number of eosinophils in the peripheral blood was determined.as described (Yamashita et al., 1999). For Th1 cell differentiation,
naive splenic CD4 T cells were stimulated with immobilized anti-
AcknowledgmentsTCR mAb (H57-597; 3 g/ml) in the presence of IL-2 (30 U/ml),
IL-12, and anti-IL-4 mAb. Where indicated, naive splenic CD4 T cells
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